The issue of dc current injection at low voltage autonomous or interconnected grids as a result of photovoltaic (PV) systems integration is thoroughly discussed in this paper. This paper focuses on the sinusoidal pulsewidth modulation inverter with a low-frequency step-up transformer, as this was widely used in the past at PV grid connected applications, while nowadays, it is a favorable solution in standalone multisource residential applications. This paper highlights the fact that dc current injection is possible even at the presence of a low-frequency transformer. In addition, the impact of the dc current flow on the transformer efficiency is studied, and appropriate design considerations are extracted-thus limiting the dc current component in an efficient manner. The proposed design considerations are validated through experimental results accomplished on laboratory and commercial PV power conversion products.
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NOMENCLATURE

V pri
Inverter output rms voltage value (V).
V i Inverter input dc voltage value (V). m a
Sinusoidal pulsewidth modulation (SPWM) amplitude modulation index. I dc DC current component that flows at the primary winding (A). V dc DC voltage component at the inverter output stage (V).
R F
Equivalent resistor that describes the copper losses of the filter inductor L F ( ). R Cu, 1 Equivalent resistor that describes the copper losses of the low-frequency transformer (LFT) primary winding ( ). P PV PV(s) active power; it is determined by the maximum power point tracking (MPPT) controller and the environmental conditions (W).
P L,inv
Inverter power losses, which include the conduction and the switching losses of the semiconductor switches (W 
Magnetic path length (cm). ρ
Effective resistivity of the wire ( /cm).
MLT
Mean length per turn (cm). n 1 LFT primary winding number of turns. I tot Total rms winding current (referring to the primary winding) (A).
W a
LFT core window area (cm 2 ).
K u
Fill factor of the LFT window. P Tr,min Minimum total LFT losses (W). m M Load power ratio where the LFT efficiency is maximized. P CuN LFT nominal copper losses (W). P 2 LFT load active power under maximum efficiency (W). P 2N LFT nominal load active power (W). P Cu, 1 Copper losses at the primary LFT winding (W). I pri Inverter output rms current value (equal to the primary LFT winding rms current value) (A). P Cu,1,N Nominal copper losses at the LFT primary winding (W). P Cu,2,N Nominal copper losses at the LFT secondary winding (W). η LFT maximum efficiency under a zero dc current component. V Inverter output voltage drop under real operating conditions (V). η FB Full-bridge inverter efficiency (describing the conduction and the switching losses of the switches). cosϕ 1 Displacement power factor at the transformer primary winding. η dc LFT maximum efficiency when a dc current component is generated. 
I. INTRODUCTION
V OLTAGE source SPWM inverter has been a common solution for the implementation of grid-tied PV systems over the last 20 years. The specific inverter topology has been proved to be a simple and reliable topology, as well as a robust one in terms of control-due to the SPWM operation [1] , [2] . Meanwhile, the use of only two or three (bipolar or unipolar modulation) voltage levels makes the use of a step up LFT unavoidable, especially at higher power levels. Thus, voltage steps during the switching transitions may remain relatively small-thus producing less electromagnetic interference problems. Furthermore, the presence of the LFT facilitates the design of the PV system protection scheme, and at the same time it interrupts the circulation of leakage currents and the injection of dc currents to the ac grid [3] - [8] .
However, various improved inverter topologies have been recently presented for the connection of PV units to the grid [9] - [19] . These topologies are replacing the classical full bridge one, making feasible the LFT elimination. This is an important advantage that leads to a drastic increase of the power density and the efficiency in PV applications. For example, 2.5-kW commercial single-phase inverters with LFT present roughly 92% European efficiency, while commercial solutions without LFT present over 96% and weigh 30%-40% less for the same power level [4] .
However, these improved topologies have to deal with the emerging leakage currents that produce electromagnetic compatibility and safety issues [26] , [27] . As it concerns the elimination of leakage currents, additional semiconductor switches are incorporated (e.g., H5, H6 inverters), as well as high-frequency transformers (HFTs) and multiple output voltage levels (multilevel inverters). Last but not least, various sophisticated PWM patterns based on the space vector modulation have been proposed, proven to be very effective for the elimination of common mode voltages [28] - [37] . These improved inverter topologies are characterized as transformerless if they do not include any LFT or HFT.
The above state of the art shows that the application of classical SPWM inverters with step-up LFT has been drastically reduced in grid-tied PV systems. Nevertheless, this topology remains very popular in standalone VOLUME 2, NO. 3, SEPTEMBER 2015 multisource installations where a diesel generator is combined with a PV generator, a battery bank, and/or a wind generator [20] - [28] and especially when the application is a residential one. In more details, the presence of an LFT simplifies the construction of the necessary (for residential installations) earthed-neutral wire. Furthermore, the protection scheme of the installation (breaker sizing, implementation of protection selectivity, and so on) can be effectively designed by setting the transformer short circuit current (through its short circuit impedance setting).
However, the presence of an LFT does not eliminate the generation of dc current components; the generation of a dc current component at the primary winding exhibits saturation issues, such as excessive heating of the transformer and the presence of even current and voltage harmonic components, due to the noneffective transformer design [29] , [30] . Several technical solutions to this issue are being applied based on the appropriate transformer design [31] , [32] . However, these solutions are not predictive, since they do not eventually prevent the generation of dc current components. On the other hand, several techniques have been proposed for the dc current blocking, focusing on the use of dc current sensors or series capacitors [33] . Moreover, these solutions are increasing the inverter cost, while for some of them it is questionable whether they are effective under the existence of an LFT, since they have been proposed for transformerless inverter topologies (there is a possibility to excite resonances between the incorporate blocking capacitor and the LFT primary inductance).
The main contribution of this paper is the study of this phenomenon and the development of a technical solution, based on the optimal selection of the copper resistance at the primary winding, in order to achieve high power quality in the installations that are fed by classical singlephase SPWM inverters. It is noted that the proposed solution is additional to the improved transformer design methods in [31] and [32] , aiming to the elimination of the dc current component. Fig. 1 shows the circuit of the single-phase SPWM inverter. Assuming unitary efficiency, the inverter theoretically produces a fundamental voltage component whose rms value is equal to [1] , [2] 
II. DC CURRENT COMPONENT GENERATION MECHANISM
The output voltage also includes a large number of higher order harmonic components, which are effectively cutoff by the L F -C F filter in Fig. 1 . Theoretically so, the single-phase SPWM inverter does not produce any dc voltage component; nevertheless, in practice, the presence of a small dc voltage component is inevitable, due to the nonidentical operation of the full-bridge legs. The main reasons for this asymmetrical operation are as follows:
1) asymmetries between the isolating/driving circuits of the power transistors; 2) deviations among the switching/electrical characteristics of the power transistors; 3) other-stochastic-factors, such as asymmetries in the PWM pulses and hardware failures in the printed circuit boards; however, these factors are eliminated in modern commercial inverters. The above factors are becoming more intense with the inverter aging. In more details, field experiences have demonstrated that electrolytic capacitors and power switching devices are the most vulnerable components. The large deviation of the environmental conditions (especially temperature deviations) on an annual basis, as well as malfunctions of heat dissipation systems or defects during semiconductors turning ON and OFF, may result in local overheating of the switching devices or cause overheating on neighboring electronic circuits and capacitors. This phenomenon may cause the increase of the resistance, threshold voltage, and switching time at the switching devices [34] - [38] , as well as it may affect the voltage ripple at the capacitors due to the increase of the equivalent-series-resistances, or to the reduction of the capacitances [39] - [41] . According to the Miner's rule [42] - [44] , the damage due to the thermal stress is the linearly accumulative damage from different thermal cycles. Furthermore, the degradation of one component may affect the operation of another by causing extra dissipation losses, stress of components, and finally permanent failure. Moreover, integrated circuits operation may defect when the applied stress (voltage, current, or temperature) exceeds the design physical properties [45] , [46] . As the temperature variation is usually a function of operating conditions and time, it is not easy to forecast the aging mechanism without considering nonstatistical factors such as the mechanical and electrical design of the inverter, as well as new materials and the evolution of electronic components. Thus, even if a commercial inverter is free from a dc voltage component at the beginning of its operation, this issue will raise after some operating years. Indicatively, a relevant study on power MOSFETs and insulated gate bipolar transistor (IGBTs) aging [47] has proved that when these devices are subjected to high temperatures (resulting at junction temperatures at the range of 200 • C) their ON-resistances are increasing significantly (between 20 and 100 m ), for thermal stress intervals between 35 min and 3 h. In addition, Katsis and Van Wyk [48] report that even a moderate thermal cycle from 50 • C to 100 • C voids formation in over 30% of the MOSFET die-attach after 7000 repetitions. Although it is not easy to associate this number of thermal cycles with a number of operating years, it is sure that for an outdoor PV system this number of cycles can be completed between five and ten years of operation (depending on the environmental conditions of the installation area).
Although the value of the dc voltage component is usually <500 mV [49] , [50] , the corresponding dc current may come at the range of 1.0 A or even higher, due to the small resistance at the transformer primary side according to the following expression (extracted from Fig. 1 ):
It is noted that R F is much smaller than R Cu,1 , since the filter inductor is a high-frequency one. The generated dc current component at the primary side may become significantly higher than the transformer magnetizing current (which is usually below 5% of the nominal current value) [51] , thus causing saturation issues. The main operating effects due to the transformer saturation are as follows [29] , [30] .
1) The induced voltage at the secondary winding (which supplies the standalone or the LV distribution grid) is distorted with odd and even low-order harmonics.
2) The abovementioned low-order voltage distortion causes the flow of harmonic current components of the same order. This fact may lead to unexpected resonances, while the THD i may rise over the prescribed limits set by the manufacturer. Moreover, in the case of grid connected inverters, the low-order harmonic current components may cause faulty anti-islanding trips (depending on the islanding detection scheme and the PV penetration). 3) In the case of grid-tied or multisource installations, the presence of a saturated transformer may cause the generation of a dc current component at the secondary winding side as well, due to the magnetizing inductance deviation during a line cycle. Consequently, the main advantage of the dc current blocking due to the presence of an LFT does not stand any longer. 4) Last but not least, the saturated transformers are excessively heated, decreasing their efficiency as well as their life expectancy. The above remarks show clearly that predictive measures have to be taken during the LFT design, in order to limit the dc current flow over the whole expected operational life of the inverter.
III. DC CURRENT COMPONENT IMPACT ON THE TRANSFORMER EFFICIENCY A. POWER EQUILIBRIUM
The power equilibrium in the circuit of Fig. 1 can be represented as
It is noted that P HF may be omitted due to the presence of the L F -C F filter. The generation of dc voltage and current components increase the power losses at the inverter output stage by the following amount, P dc :
The dc component effect on the inverter switching and conduction losses is neglected, due to the fact that the dc current component is (or has to be, under normal operation) much lower than the fundamental current component.
Equation (4) is valid as long as the transformer is not saturated. Combining (3) and (4), P dc may be expressed as a ratio of the P PV
B. TRANSFORMER EFFICIENCY UNDER PURE SINUSOIDAL EXCITATION
According to the transformer design principles [52] , the minimization of the transformer losses may be achieved if the technical parameters that are related to the core losses and the copper losses are appropriately selected so as to meet the criterion
As reported in [52] , (6.2) imprints the relation between the transformer design parameters and its losses
is the voltage waveform at the primary winding and t 1 and t 2 are the starting and the ending time points for the positive half period of the primary winding voltage. Equation (6.2) is the tool for setting the values of the critical design parameters, so as to minimize the power losses for a specific operational point-which is defined by B and I tot parameters. Thus, the maximization of the transformer efficiency cannot be achieved for any line and load conditions. As it concerns LFTs, B is set close to its saturation value (1.1-1.5 T) in order to decrease their volume and weight. Furthermore, the load current (I tot ) for which the transformer efficiency is maximized can be expressed as [53] 
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For LFTs with relatively constant load, the minimization of power losses is designated for the nominal load active power (m M = 1). Thus, the nominal core and copper losses have to become equal. However, this is not the case for PV systems, due to the continuous variation of the generated power. In more detail, in grid-tied or multisource microgrid applications, m M is set between 0.5 and 0.6, aiming at the maximization of the inverter European efficiency or California Energy Commission efficiency. In pure standalone applications, m M may be set to even smaller values, due to the high peak load demand (comparing with the average load demand) that these installations present. If the dc current generation is omitted, the copper losses at the primary winding are
It is noted that I pri is almost equal to I tot under pure sinusoidal excitation (the magnetizing current is small). Moreover, the copper losses are almost equally distributed among the two windings (in order to avoid the generation of hot spots), by the appropriate selection of their cross-sectional areas [48] . Combining (7) and (8) the minimum transformer losses can be expressed as
P Tr,min ≈ 4m
Based on (9) and (10), the LFT maximum efficiency (under a zero dc current component) becomes
C. TRANSFORMER EFFICIENCY UNDER THE PRESENCE OF A DC CURRENT COMPONENT
According to (1) , under real operating conditions, when a single-phase SPWM inverter with LFT is fed by a PV generator it produces a fundamental voltage component whose rms value is
Assuming that the full-bridge efficiency (describing the conduction and the switching losses of the switches) is η FB and the LC filter losses are negligible, the active power equilibrium can be described as
Based on (11)-(13), the following expressions stand:
The approximation in (15) stands for practical values of the inverter output voltage drop (usually <5% of V PV while m a is >0.4). Finally, combining (3), (8) , (11) , and (13)- (15), the transformer efficiency becomes
It is noted that the R PV value is obviously not constant during the system operation, due to the variation of the generated power; however, the present analysis refers to the R PV,MP value that stands for the STC-irradiance of 1000 W/m 2 , solar spectrum of air mass equal to 1.5 and module temperature at 25 • C-because it is the smaller value for this parameter. In more detail (assuming STC conditions), the generated power drops mainly due to the large PV current decrease, while the PV voltage presents much smaller variations (due to the irradiance effect on PV voltage and current values). Hence, the R PV value is expected to increase under non-STC conditions.
When a dc voltage/current component is produced at the primary winding, an additional power loss amount, P dc , which is described in (4) and (5), is caused and the transformer maximum efficiency decreases, according to the following expression that has been extracted by (5), (16):
It has to be highlighted that in the present analysis it is presupposed that the dc excitation does not lead the LFT to saturation. The LFT maximum efficiency is shown in Fig. 2 as a function of R PV /R Cu,1 and for V dc , m a being parameters, while m M , η FB , cosϕ 1 = 1. The results in Fig. 2 clearly show that the presence of a dc component may affect significantly the LFT efficiency, if its value exceeds 0.005 pu (with V PV being the base voltage value). In addition, it may be observed that as m a increases, the maximization of η dc takes place at smaller R PV /R Cu,1 values. This fact indicates that the optimal transformer design for the restriction of the dc component has to lead to such a R PV /R Cu,1 value, so as to reassure high transformer efficiency. Thus, the restriction of the dc component is expected to affect the R PV value and consequently the assembly of the PV modules that constitute the PV system. For example, if a specific commercial LFT is being used (specific R Cu,1 value), the determination of the desired R PV value may be achieved by increasing or reducing the number of PV modules per string as well as the number of strings itself (since the number of PV modules is given).
From the previous analysis, it may be concluded that the optimal design for the restriction of the dc component has to reassure that the efficiency is the maximum possible one. Based on (17) , this can be mathematically expressed by the following set:
Thus, combining (5) and (19) , the minimum transformer losses (due to the ac excitation) in (10) and the corresponding transformer efficiency in (17) become
Equation (20) indicates that minimum transformer losses are achieved if the LFT design leads to equal losses distribution among the ones that are due to the ac excitation and the ones that are due to the dc excitation.
IV. OPTIMAL PV SYSTEM CONFIGURATION FOR THE RESTRICTION OF THE DC CURRENT COMPONENT
The proposed PV system configuration includes two procedures, one for the case of a commercial LFT and one for the case of a custom-made LFT. The main difference is that in the commercial case the LFT saturates under a specific magnetizing current; in the custom-made case, however, the saturation area may be set at higher magnetizing current values. Issues such as PV modules inclination and orientation are out of paper's scope and thus are not discussed.
A. OPTIMAL PV SYSTEM CONFIGURATION WHEN A CUSTOM MADE LFT IS USED
This design procedure is summarized in the following steps: 1) determination of the nominal V PV and P PV values, as well as the m M value (with criterion for example the achievement of maximum European inverter efficiency for grid connected applications); 2) determination of the nominal m a value (corresponding to the transformer maximum power level); 3) determination of the m a value, for the operational point that the transformer efficiency is maximized; 4) determination of the maximum expected dc voltage component (it is usually about 500 mV); 5) calculation of the V dc /V PV ratio for the operational point that the transformer efficiency is maximized; 6) determination of the maximum acceptable dc current component; 7) calculation of the necessary R cu,1 = V dc /I dc ; 8) calculation of η dc,opt according to (21) ; cosϕ 1 may be assumed equal to 0.9 or higher for grid-tied PV applications up to 10 kW. Otherwise, cosϕ 1 has to be set according to the composition of the supplied load; 9) if the η dc,opt value is not acceptable (it is too low) then the design procedure returns to A2 step and a higher m a value (marginally up to 1) is chosen; 10) calculation of V pri by (12) , for the operational point that the transformer efficiency is maximized; 11) design and construction of the single-phase LFT according to the specifications above. A graphical presentation of this procedure is shown in Fig. 3 . 
B. OPTIMAL PV SYSTEM CONFIGURATION WHEN A COMMERCIAL LFT IS USED
As it has been already mentioned, in this case both R Cu,1 and V pri are given; so, the optimal design procedure is modified as follows: 1) determination of the nominal P PV value; 2) determination of R Cu,1 through measurements; 3) determination of the maximum acceptable dc current component, I dc , according to the LFT specifications; 4) calculation of the maximum expected dc voltage component, V dc = I dc R Cu,1 ; 5) determination of the maximum expected V dc /V PV ratio for the operational point that the transformer efficiency is maximized. This is normally <0.5%, as it has been deduced by a large number of measurements in commercial single-phase SPWM inverters with LFT for PV systems [49] , [50] . These measurements have been conducted at the Greek Centre for Renewable Energy Sources premises during the last five years; 6) calculation of V PV /V dc for the operational point that the transformer efficiency is maximized; 7) calculation of the m a value, by (13) , for the operational point that the transformer efficiency is maximized. The V pri value is given; 8) calculation of η dc,opt according to (21) ; cosϕ 1 may be assumed equal to 0.9 or higher for grid-tied PV applications up to 10 kW. Otherwise, cosϕ 1 has to be set according to the composition of the supplied load. A graphical presentation of this procedure is shown in Fig. 4 . Unlike the custom made LFT case, there is no possibility to redefine some crucial parameters, such as R Cu,1 and V pri . Thus, if η dc,opt in step B8 becomes unacceptably small, then it may be more effective to consider the use of a custom made LFT.
C. SINGLE-PHASE LFT DESIGN UNDER THE PRESENCE OF A DC CURRENT COMPONENT
As discussed already, the proposed design manages to limit the maximum expected dc current component. Nevertheless, there is still a dc current amount-flowing through the LFT primary winding-that has to be considered during the transformer development. This can be effectively implemented by applying the design solutions in [31] and [32] . For the experimental phase of this paper, the classic LFT design procedure has been used, in order to make comparisons with commercial LFTs for PV applications. According to the classic design algorithm, the transformer must not be saturated for the maximum expected magnetizing current value
It is a common practice to set the maximum value of B close to 1.5 T in order to reduce the core volume and weight. If a 
The combination of (23)- (25) leads to the following expression:
B ac is defined by the transformer universal electromotive force equation [38] V pri = 4.44fn 1 a B ac .
Thus, the determination of the magnetic flux density components can be based on (24)- (26), as long as the dc current component is given. It is worth mentioning that the selection of the primary winding cross-sectional area has to consider the dc current component as well. Moreover, the selection of the cross-sectional area in both windings has to lead to the desirable R Cu,1 value and also to the equal copper losses distribution.
V. EXPERIMENTAL VALIDATION A. CUSTOM MADE LFT
The proposed design algorithm was applied at a small grid-tied PV system that consists of a single PV panel (DuPont Apollo D Series thin film module); its technical characteristics are shown in Table 1 . The LFT design, according to the A-case, is summarized in the following steps. 
value for a grid-tied application, since the efficiency of this power level is multiplied with the highest coefficient in the European efficiency formula). 2) For the maximum power level, we initially select m a = 0.55; if the outcome efficiency is small then the algorithm will return at this step and a new m a value will be defined.
3) The operational point that the transformer efficiency is maximized is set to m M = 0.5. For this point of operation, V PV ≈ 130 V. 4) The design assumes that the maximum expected V dc = 500 mV (in order to be on the safe side). 5) V dc /V PV ≈ 0.4%. 6) I dc = 1 A (it is selected arbitrarily and it may be reconsidered if the outcome core volume or the maximum efficiency is unacceptable). 7) R cu,1 = V dc /I dc = 500 m . 8) η dc,opt = 95.4% by (21) ; for simplicity it is considered that η FB ≈ 1. 9) The maximum efficiency is acceptable for this power level. 10) Calculation of V pri ≈ 48 V by (12) . 11) The single-phase LFT was designed and constructed for I dc /I m,ac = 2, according to the discussion in Section IV. Its measured performance characteristics under pure ac excitation are presented in Table 1 . As it can be observed, the calculation of the maximum efficiency is in accordance with the experimental measurements. For comparative reasons, a second LFT was designed and constructed without considering the dc current component (as commonly done in commercial LFTs for PV applications). The maximum magnetic flux density was set to B = 1 T, in order to have a safe distance from the saturation area. Its measured performance characteristics under pure ac excitation are also presented in Table 1 . It is noted that in this case m M = 0.85, because it was decided to achieve the same voltage drop (ε = 3.3%) for both transformers. The weight of the second LFT is 30% lower (as expected to be), but the core losses are doubled due to the high ac magnetic flux density. Finally, the weight of the second transformer is higher than those of available commercial transformers (by about 600-800 gr) [54] , mainly due to the fact that B was selected much lower than 1.5 T. Next, those laboratory LFTs were validated under the presence of a dc current component. For this purpose, a regulated laboratory voltage source was developed, able to produce an ac and a dc voltage component. The laboratory test bench diagram is shown in Fig. 5 ; the voltage source is implemented by a full-bridge inverter with power MOSFET switches (operating at 20-kHz switching frequency), whose PWM signal includes an externally regulated dc offset. The produced ac voltage component is kept constantly at 48 V rms , while an LC filter is used in order to eliminate the harmonic distortion of the voltage waveform that is applied at the primary winding of the LFT under test. 6 shows the total harmonic distortion, THD V , at the secondary winding voltage for the two laboratory LFTs as a function of I dc ; it is clear that the proposed configuration algorithm guarantees high power quality, since the THD V value of the first LFT (even for the maximum expected I dc ) is <4% and so it is compatible with the EN50160 limits. Thus, the optimally designed LFT is suitable even for standalone installations. On the other hand, the THD V of VOLUME 2, NO. 3, SEPTEMBER 2015 the second LFT is very high (higher than the EN50160 limits), due to the fact that there were no precautions taken during its design for the dc component. It is worth noting that for the maximum expected dc voltage (V dc = 500 mV) THD V reaches 13.5%.
B. MEASUREMENTS ON COMMERCIAL LFTs
The test results for two typical commercial PV systems are presented in this paragraph. These systems are driven by single-phase SPWM inverters with step up LFTs and they are in operation for about a decade. The first system is a standalone one and its LFT, namely, T1, is a 460 VA toroidal transformer. Its technical characteristics are presented in Table 2 . The system is supported by a 12 V/55 Ah battery bank. According to the measured power losses in Table 2 and (7) it is deduced that m M ≈ 0.2. This relatively small m M value is due to the fact that the expected average load at such small standalone systems is expected to be much lower than the peak consumption. The second system is a grid-tied one, consisting of a Sun Profi SP 2000-450 inverter supplied by one string of 19 Conergy 105 Profi PV modules. Its technical characteristics are presented in Table 3 . Its LFT, namely, T2, is a 1.8-kVA toroidal transformer. Its technical characteristics are presented in Table 2 . It is noted that the LFT nominal power is considerably smaller than the maximum input power, implying that the PV inverter operates with active power generation limiter (if the output power exceeds 1.8 kVA the MPPT function is disabled and the active power limiter is applied). This is a usual case for commercial PV systems (110%-120% oversized PV system capacity). According to the measured power losses in Table 2 and (7) it is deduced that m M ≈ 0.6, aiming at the maximization of the European efficiency. Note that the maximum LFT efficiency at m M = 0.6 is 98.1%. Similar to the previous paragraph, these commercial LFTs were evaluated in the laboratory test bench. Fig. 7 presents the THD V parameter as a function of I dc for both LFTs. By studying this figure, it is evident that the design of the commercial LFTs was done for almost pure ac excitation and so the THD V becomes unacceptably high even under very small dc current components. Especially for T1, which is designed for standalone applications, it is obvious that it has been designed considering very high ac magnetizing flux density in order to reduce its volume and, consequently, its cost. However, this selection has led to very poor power quality at the load side due to the saturation phenomenon, even under a zero dc current component. Next to the laboratory test, measurements were carried out for the grid-tied PV commercial system during its real operation. These measurements were accomplished for various irradiance levels, in order to cover a wide range of active power generation. All voltages and currents waveforms were recorded by using the oscilloscope Tektronix TDS 3054 (four input channels) 500 MHz, 5 Gsa/s, two programmable current probe amplifiers Tektronix AM5030, two Tektronix A6303 current probes, and two Hameg Instruments differential voltage probes HZ115. The harmonic content of the current waveforms in both transformer windings was measured using a POWER GUIDE 4400 DRANETZ BMI power analyzer and the current probes DRANETZ BMI TR2510A, PR150/SP2 and DRANFLEX 3000XL (in order to obtain high accuracy for any single harmonic measurement). Fig. 8 shows the THD i parameter of the mains current and the rms voltage value at the secondary winding, V Tr,sec , as functions of the active power transferred to the low voltage network, P ac . The voltage is in the pu scale, with 230 V being the base voltage value. Furthermore, Fig. 9 shows the dc current components at both transformer windings as well as the second-order harmonic of the mains current, I 2 (rms value). These current values are presented as ratios of the corresponding fundamental current component (rms value) at the respective transformer winding. Finally, typical voltage and current waveforms at both transformer windings and the corresponding mains current harmonic content are exhibited in Figs. 10 and 11, for P ac equal to 570 and 1831 W. It is noted that the mains side is a 230 V rms -50-Hz single-phase supply. These experimental results highlight the fact that the current waveform at the secondary winding (mains side) is highly distorted and that dc as well as even order harmonic components emerge (due to the transformer saturation). In fact, according to Figs. 10 and 11, the THD i and the dc current components are maximized for P ac values between 800 and 1000 W, where the rms voltage value at the secondary winding is also maximized (making the saturation phenomenon more intense). Finally, even though the second-order current harmonic component as a percentage of the fundamental component decreases at higher power levels, according to Fig. 11 , still its absolute value remains considerably high in any operational point.
C. STUDY ON THE RESTRICTION OF THE DC CURRENT COMPONENT AT THE 1.8-kVA COMMERCIAL INVERTER
As it has been already highlighted, the main design characteristic that makes the 1.8-kVA commercial inverter vulnerable at the presence of very small dc voltage components is its low copper resistance at the primary winding. By applying the proposed PV system configuration algorithm in its form for commercial LFTs, we come up with the following design steps.
1) According to the power losses measurements and the PV system specifications of the previous paragraph, Obviously, the above mentioned PV voltage value is unacceptable for the specific inverter. Therefore, the only remaining solution is the PV system reconfiguration, considering a custom-made LFT. By applying this form of the proposed algorithm, the design steps for the specific system are as follows.
1) The PV system maximum power point is P PV = 2008 W, V PV = 331 V, R PV,MP = 54.26 . 2) For the maximum power point of operation, we initially select m a = 0.568. 3) The operational point that the transformer efficiency is maximized is m M = 0.6. For this point of operation, V PV ≈ 323 V. 4) The design assumes that the maximum expected V dc = 500 mV (in order to be on the safe side). 5) V dc /V PV ≈ 0.15%. 6) The maximum acceptable dc current is initially set to I dc = 1.5 A. 7) R Cu,1 = V dc,max /I dc = 333 m . 8) η dc,opt = 99% by (21) , considering cosϕ 1 = 0.9, η FB ≈ 1. 9) The maximum efficiency is acceptable. 10) Calculation of V pri ≈ 133 V by (12) .
Thus, we come up with the conclusion that the commercial LFT has to be replaced with a 1.8-kVA, 133/230 V LFT with 1.5-A maximum expected dc current at the primary winding. This way, there is no need for any modifications in the PV generator, or in the full-bridge inverter (it only has to operate at a slightly higher amplitude modulation ratio, which is acceptable because commercial PV inverters are able to operate under a wide range of m a values). Notably, if the outcome efficiency was not acceptable, a reconfiguration of the PV generator (number of series/parallel PV panels) would have been unavoidable, so as to generate higher PV voltage values. However, in the specific case we deduce that the efficiency for m M = 0.6 actually increases; this is due to the fact that the R PV /R cu,1 ratio is now optimally selected, maximizing the efficiency (as it is shown in Fig. 2) . Thus, the proposed PV system configuration manages to restrict the dc current injection without deteriorating the LFT efficiency.
VI. CONCLUSION
The issue of the dc voltage/current component generation in single-phase PWM inverters with LFT for PV applications has been thoroughly discussed. Moreover, its impact on the power quality has been evaluated. For the effective restriction of the dc current component, an optimal design solution has been proposed, which defines critical operational parameters of the PV generator as well as the LFT design parameters. The proposed PV system configuration method has gone through an experimental validation process, which includes the design, construction, and tests on custom-made LFTs, as well as on various commercial inverters. The main outcome of the experimental evaluation is that the proposed configuration method manages to effectively restrict the dc current flow and consequently to ensure high power quality (by respecting the limits of the relevant international standards), while preserving adequately high efficiency values.
